Kim, R.J. Poole, P.A. Rea [1992] Proc Natl Acad Sci USA 89: 1775-1779), but it is not known whether the situation in Arabidopsis is typical of most vascular plants. With the objective of assessing the general applicability of this finding and acquiring sequence data for structure-function analyses of the enzyme from Beta vulgaris, we have sought to isolate cDNAs encoding the V-PPase from this organism by screening a Beta cDNA library construded in XZAP with the Arabidopsis cDNA insert (AVP) encoding the V-PPase. The results of these investigations demonstrate that at least two genes encode the V-PPase in Beta. Restriction and sequence analyses of the cDNAs from Beta reveal two classes, designated BVf I and BVf2.BVf I and BVf2 encode closely related but distinct polypeptides with computed masses of 80,550 and 80,000 D, respectively, exhibiting 88% identity with each other and 89% identity with the corresponding polypeptide from Arabidopsis. l h e nucleotide sequences of BVf 1 and BVf2, on the other hand, are 70% identical within their coding regions but less than 28 and 53% identical within their respective 5' and 3' noncoding regions. Southern analyses of Beta genomic DNA confirm that two genes encode the V-PPase, and northern analyses of polyadenylated RNA isolated from a range of tissue types and probed with RNAs transcribed from the 3' noncoding sequences of B V f I or BVf2 indicate that both genes are expressed in the intact plant. On the basis of these findings and the recent demonstration of the sufficiency of the substrate-binding polypeptide, alone, for all of the known catalytic functions of the V-PPase (E.J. Kim, R . 4 . Zhen, P.A. Rea [1994] Proc Natl Acad Sci USA [91: 6128-6132]), the two cDNA species isolated from Beta are concluded to encode variants, possibly isoforms, of the enzyme.
H+ (Baltscheffsky and Baltscheffsky, 1993 ) and H+ and/or K+, respectively (Davies et al., 1992; Rea and Poole, 1993) .
The importance of PPi as an energy source for vacuolar function, in particular, and plant cell metabolism, in general, is evident at several levels. First, the V-Prase is a universal and abundant component of plant vacuolar membranes (Rea and Poole, 1993) , capable of generating a steady-state transtonoplast H+-electrochemical potential difference of similar or greater magnitude than the V-ATPase (EC 3.6.1.3) on the same membrane (Pope and Leigh, 1987; Johannes and Felle, 1989; Maeshima and Yoshida, 1989; Rea et al., 1992a) . Second, the vacuole frequently constitutes 40 to 99% of the total intracellular volume of a mature plant cell. As such, the cytosol is often a thin interfacial zone delimited and regulated by the plasma membrane and tonoplast. Third, the vacuolar membrane is implicated in a broad spectrum of physiological processes, all of which depend on the maintenance of a transtonoplast H+ gradient. Examples include cytosolic pH stasis, compartmentation of regulatory Ca2+, sequestration of otherwise toxic ions such as Na+, cytosolic elimination of alkaloids, turgor regulation, and nutrient storage and retrieval. Hand in hand with elucidation of the role played by PPi as an energy source for a number of other metabolic reactions in plant cells, specifically cytosolic Suc mobilization via Suc synthase (Huber and Akazawa, 1986; Black et al., 1987) and glycolysis via PPi:Fru-6-P I-phosphotransferase (Black et al., 1987; Dennis and Greyson, 1987) , recognition of the pivotal role played by the V-PPase in the establishment Plant Physiol. Vol. 106, 1994 of transmembrane solute gradients has reinforced the notion that plants possess parallel metabolic pathways that use either PPi or nucleotides as altemate energy sources.
Progress toward definition of the structure and function of the V-Prase, which belongs to a new category of ion translocase (Rea et al., 1992b) , has been rapid. Recent accomplishments include identification (Britten et al., 1989; Rea et al., 1992a) and purification (Britten et al., 1989; Maeshima and Yoshida, 1989; Sarafian and Poole, 1989; Rea et al., 1992a) of the major substrate (MgzPPi; Leigh et al., 1992; Baykov et al., 1993) binding subunit, isolation and characterization of cDNAs encoding this subunit (Sarafian et al., 1992; Tanaka et al., 1993) , and reconstitution of partially purified preparations of the enzyme to yield proteoliposomes competent in PPi-dependent H+-translocation (Britten et al., 1992) .
However, although the results of these investigations and the recent success in heterologously expressing a single cDNA species encoding the substrate-binding subunit of the VPPase from the vascular plant Arabidopsis thaliana in the yeast Saccharomyces cereuisiae to generate enzyme active in K+-stimulated, PPi-dependent H+-translocation (Kim et al., 1994) demonstrate that one polypeptide species is sufficient for the assembly of functional enzyme, it is not known whether isoforms of this one subunit exist. On the one hand, most primary ion translocases are known to exist as multiple isoforms. For instance, in mammals there are at least five isoforms of the Na+/K+-ATPase (Verrey et al., 1989) , in vascular plants there are more than 10 isoforms of the plasma membrane H+-ATPase (Harper et al., 1990; DeWitt et al., 1991) , and in both animals and plants several isoforms of the V-ATPase have been identified (Sze et al., 1992) . On the other hand, in the two organisms from which the V-PPase has been cloned, Arabidopsis and Hordeum uulgare, only a single cDNA species from each has been identified to date (Sarafian et al., 1992; Tanaka et al., 1993) . The apparent absence of multiple cDNAs encoding the V-PPase of Arabidopsis and Hordeum does not preclude the existence of isoforms, albeit divergent ones, in these organisms, but it does leave unanswered the question of whether isoforms remain to be discovered. Thus, in an attempt to delineate the potential functional repertoire of the V-PPase and as a prelude to protein chemical topological studies of the enzyme in an inherently sided membrane preparation-isolated, intact vacuoles from Beta vulgaris storage root, which can be prepared mechanically in high yield by standard procedures (Leigh and Branton, 1976 )-the cloning of cDNAs encoding the VPPase from this organism is reported. Contrary to the situation in Arabidopsis, these cDNAs fall into two classes: BVPZ and BVPZ. By showing that both BVPl and BVP2 encode the substrate-binding subunit, we provide the first evidence that the V-PPase may be subject to regulatory and/or functional bifurcation.
MATERIALS A N D METHODS

Materials
Beta vulgaris L. cv Detroit Dark (red beet) was the plant material used in these investigations. Restriction enzymes and sequencing materials were purchased from BRL, New England Biolabs, and Promega; [cY-~~SI~ATP, for sequencing, and 32P-labeled nucleotides were obtained from Amersham Corp. and ICN Radiochemicals, respectively; U W , pBluescript, X packaging extracts, and Escherichia coli strains were bought from Stratagene; and the Sequenase sequencing kit was from United States Biochemical.
Construction and Screening of Beta XZAP cDNA Library A B. vulgaris cDNA library constructed in XZAP was prepared from poly(A)+ RNA purified from y-d-old, dark-grown seedlings. Total RNA was extracted by the phenol/SDS method (Ausubel et al., 1987) , poly(A)+ RNA was purified by oligo(dT)-cellulose chromatography (Sambrook et al., 1989) , aind double-stranded cDNA was synthesized using a UNI-ZAP XR cDNA synthesis kit (Stratagene). The reverse transcripts were size fractionated, and the 5' a d 3' termini of those cDNAs fractionating at greater than 0.5 kb were ligated ío EcoRI and XhoI adapters. After directional ligation of the inserts into XZAP and packaging, the library was amplified once to yield 5 x lo9 plaque-forming units/mL of which more than 98% contained inserts.
Approximately 120,000 plaques from the XZAP cDNA library were initially screened with random-primed Arubidopsis cDNA insert AVP-1 (Sarafian et al., 1992) at high stringency (Sambrook et al., 1989) . Five independent positive clones were obtained from this screen and subsequently found to correspond to pBVP2. The cDNA insert of one of the pBVP2 clones was then used to screen an additional 100,000 plaques from which an additional three pBVP2 and two pBVPl clones were obtained. The clones were colony purified, and their cDNA inserts were subclored into the XbaI/XhoI sites of pBluescript. Both strands of the longest inserts from each class of cDNA, henceforth referred to as "BVP1" and "BVP2," were sequenced.
Northern Blot Hybridizations
Total RNA was extracted from various tissues of 7-d and 1-and 7-month-old plants of B. vulgaris (Ausubel et al., 1987) , and poly(A)+ RNA was extracted and purified (Sambrook eí: al., 1989) . After size fractionation by electrophoresis on 1% agarose gels containing 0.63 M formaldehyde, the poly(A)'+ RNA was blotted onto nylon membrane filters (Nytran-45, Schleicher & Schuell). The filters were prehybridized at 42OC for 2 h in prehybridization solution containing 50% (v/v) formamide, 5X SSPE (1X SSPE is 0.15 M NaC1, 10 m~ NaHZPO4, pH 7.4, 1 m NazEDTA), 1X Denhardt's solution (50X Denhardt's solution is 1% PVP, 1 % BSA, and 1% Ficoll-400), and 0.1 mg/mL denatured, sonicated salmon sperm DNA. The filters were hybridized in the same solution containing 32P-labeled riboprobe at 65OC, washed three times with lx: SSPE/0.5% SDS at 65OC, and finally washed with The 2.1-kb HindIII fragment of BVPl, which corresponds to the open reading frame, and EcoRIIXkoI fragments of BVPl (428 bp) or BVPZ (398 bp), which correspond to the 3' noncoding sequences of the two cDNAs, were gel purified and ligated into pBluescript. The orientation and sequence of each construct was confirmed by sequencing both ends of the inserts, and riboprobes were transcribed from the antisense strands of the templates using T7 or T3 RNA polymerase (Sambrook et al., 1989) .
Genomic Blot Hybridizations
Genomic DNA was extracted from 7-to 10-d-old seedlings of B. vulgaris (Ausubel et al., 1987) . Samples (4 Pg) of the DNA were digested with restriction enzyme, electrophoresed on 0.8% agarose gels, and transferred to nylon (Nytran-45) membrane filters. The filters were prehybridized in 6X SSPE, 1 0~ Denhardt's solution, and 0.1 mg/mL denatured salmon sperm DNA at 55OC and hybridized at 55OC in 50% formamide, 6X SSPE, 0.5% SDS, and 0.1 mg/mL denatured, sonicated salmon sperm DNA containing 32P-labeled, random-primed 2.1-kb HindIII BVPl fragment. The filters were successively washed in l x SSPE/l.O% SDS and 0.1 X SSPE/ 1.0% SDS at 65OC before exposure to x-ray film as described above for the northem blot hybridizations.
DNA Sequencing
DNA was sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977 ) using a Sequenase I1 kit. A series of nested deletions from the cDNA inserts of pBVPl and pBVP2 were obtained using a double-stranded nested deletion kit (Pharmacia). The remaining sequencing reactions were performed using custom-synthesized oligonucleotide primers.
RESULTS
A total of 10 positive clones were obtained from the screens of the B. vulgaris cDNA library using random-primed, 32P-labeled AVP-1 cDNA (Sarafian et al., 1992) as the hybridization probe. Of these, two were identified as containing inserts corresponding to BVPl and eight to BVP2 on the basis of their restriction pattems. The longest cDNA inserts (2.8-2.9 kb) from each class were subcloned into pBluescript and sequenced. The complete nucleotide sequences and predicted amino acid sequences of representatives from each class are shown in Figures 1 and 2 .
The Met (ATG) codons at position 1 in the sequences of BVPl and BVPZ were identified as the translation initiation sites for two reasons: (a) Only by proposing translation initiation at these sites can the N-terminal sequence obtained by Maeshima and Yoshida (1989) for the substrate-binding subunit of the V-PPase from Vigna radiata be accommodated by the deduced sequences of the polypeptides encoded by the two cDNA species from Beta ( Fig. 2A) . (b) The sequences contiguous with these, the first Met codons, match the consensus sequences for plant translation initiation sites (RA/ CA/C AUG GC) with R (purine) at -3 and G at position +4 being the most critical (Lutcke et al., 1987) . BVPl contains the sequence &T ATG GGT, and BVPZ contains the sequence m = ATT starting from position -3 (Fig. 1) .
Hence, the open reading frame of the cDNA insert of pBVPl encompasses 2295 nucleotides followed by two tandem termination codons (TAA TGA) and 462 nucleotides of 3' noncoding sequence, whereas pBVP2 comprises 2238 nucleotides of open reading frame followed by a single termination (TAA) codon and 414 nucleotides of 3' noncoding sequence (Fig. 1) .
The alignments between the deduced amino acid sequences of BVPl and BVP2 and direct intemal sequence acquired from the M, 64,500 to 67,000 polypeptide of the enzyme from the same organism (Rea et al., 1992a; Sarafian et al., 1992) verify that the cDNA clones encode the substrate-binding subunit of the V-Prase. The deduced amino acid sequences of both BVPl and BVP2 show complete identity with all four segments of microsequence over a total span of 66 amino acid residues except for two nonconservative (Ser-Ala and GlnSer) substitutions at positions 560 and 562 in the deduced sequence of BVP2 (Fig. 2) .
The differences between the sequences of BVPl and BVPZ are too numerous and widely distributed to have arisen from cloning artifacts and/or individual variation between clones. The coding sequences of BVPl and BVP2 are 79% identical at the nucleotide level and their respective 3' and 5' noncoding sequences exhibit less than 28 and 53% identity, respectively. By the same token, the deduced sequences of the polypeptides encoded by BVPl and BVP2 show 89% identity and have computed masses of 80,548 and 79,966 D, respectively, and estimated isoelectric points of 4.84 and 5.05, respectively.
The results of northem analyses demonstrate that the two cDNA species do not originate from altemate splicing of the coding sequence of one transcript with the noncoding sequence of another and further exclude cloning artifacts. When poly(A)' RNA is isolated from leaves and roots of 7-d-old plants of Beta, size fractionated, and hybridized with 32P-labeled riboprobes transcribed from the open reading frame of BVPl, to generate a nonspecific probe, or the 3' noncodmg sequences of BVPl or BVP2, to generate gene-specific probes (Fig. 3) , a single hybridizing band migrating at 2.8 kb is obtained in all cases (Fig. 4A ). Since the 3' BVPl riboprobe does not hybridize with in vitro transcribed BVP2 message and vice versa (data not shown), three conclusions follow: (a) The lengths of the cDNA inserts of pBVPl and pBVP2 and the mature Beta transcripts coincide. (b) Both BVPl and BVPZ are expressed endogenously. (c) Neither of the 3' noncoding sequences are likely to be derived from non-VPrase-associated transcripts through cloning artifacts or alternate splicing, since the divergent 3' noncoding sequences of BVPl and BVPZ each hybridize with a 2.8-kb mRNA species, as does the nonspecific coding sequence probe.
In agreement with the results of the sequence and northem analyses, Southem blots of Beta genomic DNA probed with the 2.1-kb HindIII fragment of BVPZ (Fig. 3) imply that the substrate-binding subunit of the V-PPase is encoded by two genes. Of the three restriction enzymes chosen for the genomic digestions, PvuII has one restriction site within each of the HindIII fragments of BVPZ and BVP2, NcoI has no restriction sites in BVPl and one in BVP2, and HindIII has no Plant Physiol. Vol. 106, 1994 A. Coding Sequences 
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BVPl :
V i g n a :
BVP2 : Deduced amino acid sequences of polypeptides encoded by BVPl and BVP2. A, Alignment of direct Nterminal sequence of the substrate-binding subunit of V-PPase from V. radiata (Maeshima and Yoshida, 1989) and deduced N-terminal sequences of BVPl and BVP2. B, Alignment of total deduced sequences of BVPl and BVP2. The underlined amino acid residues align with direct sequence acquired from the substrate-binding subunit of the V-PPase purified from Beta (Sarafian et al., 1992; Rea et al., 1992b) . Dashes denote gaps introduced to maximize alignment; colons denote conservative substitutions; lightface numbers (left) denote residue positions including gaps; boldface numbers (right) denote residue positions excluding gaps.
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further restriction sites in either the HindIII fragment of BVPl or the entire sequence of BVP2 (Fig. 3) . Providing that the region or regions of the genome corresponding to the 2.1-kb HindIII fragment of BVPZ or the corresponding sequence of BVP2 are devoid of introns containing identical restriction sites, two bands from the HindIII genomic digest, four bands from the PvuII digest, and three bands from the NcoI digest would be expected if BVPl and BVPZ are each encoded by a single gene. This is what is found. Genomic DNA digested with PvuII (or NcoI) and probed with the 2.1-kb fragment yields intensely hybridizing bands at 3.3, 1.5, and 0.6 kb (or 3.7, 1.9 and 1.0 kb) (Fig. 4B) . The HindIII digest, by contrast, contains only two intense bands at approximately 3.1 and 2.6 kb (Fig. 48) .
DISCUSSION
The data presented indicate that the substrate-binding subunit of the V-PPase of Beta is specified by two genes, (Fig. 3) . B, Cenomic Southern blot analysis of Beta V-PPase. Genomic DMA was isolated from 7-d-old seedlings of B. vulgaris. After digestion with a restriction enzyme, samples of the DMA (4 /ig) were electrophoresed on 0.8% agarose gels and transferred to nylon membrane filters for hybridization with the 2.1 -kb 32 P-labeled H/ndlll fragment of BVP1 (Fig. 3) . Cenomic DNA was digested with Pvull (lane 1), Ncol (lane 2), or H/ndlll (lane 3).
both of which are expressed in the intact plant. The two genes do not appear to be alleles since the corresponding cDNAs contain divergent 5' and 3' noncoding sequences. Nor are they likely to encode sequence-related subunits of a heteromultimeric complex. The results of both protein chemical and molecular studies suggest that the substrate-binding subunit is the sole polypeptide constituting the functional VPPase complex. This subunit alone co-purifies with V-PPase activity during detergent solubilization and chromatography (Britten et al., 1989; Maeshima and Yoshida, 1989; Rea et al., 1992a) and is the only component of vacuolar membrane vesicles to undergo Mg 2 PPi-protectable, free PPi-potentiated covalent modification by [
I4 C]N-ethylmaleimide (Britten et al., 1989; Rea et al., 1992a) . Moreover, heterologous expression of the one cDNA species (AVP) encoding the substratebinding subunit of the V-PPase from Arabidopsis in the yeast Saccharomyces cerevisiae results in the production of vacuolarly localized enzyme that is indistinguishable from the endogenous plant enzyme with respect to PPi hydrolysis, H*-translocation, activation by K + , and selective inhibition by Ca 2+ and 1,1-diphosphonates (Kirn et al., 1994) . Therefore, we infer that additional subunits need not be invoked to account for V-PPase function in Arabidopsis, which, in turn, implies that BVP1 and BVP2 encode variants, possibly isoforms, of the same subunit in Beta.
Two further points are noteworthy concerning the deduced sequences of the translation products of BVP1 and BVP2. First, as described before for the cDNAs encoding the VPPase from Arabidopsis (Sarafian et al., 1992) and Hordeum (Tanaka et al., 1993) , the open reading frames of BVP1 and BVP2 encode polypeptides with computed masses of approximately 80 kD, but the corresponding subunit(s) from Beta has an M, of 64,500 to 67,000 (Britten et al., 1989; Sarafian and Poole, 1989; Rea et al., 1992a) . Although the possibility of posttranslational proteolysis of the polypeptides concerned cannot be completely discounted, two considerations make this seem improbable: (a) The direct sequence acquired from the M r 64,500 to 67,000 and 66,000 to 73,000 substratebinding subunits of Beta and Vigna, respectively, include both the N terminus and sequences within 24 amino acid residues of the C terminus (Fig. 2) . Although C-terminal proteolysis is not excluded by the direct sequence data, such a process alone would not be able to account for the apparent mass shifts observed. (b) The endogenous V-PPase of Arabidopsis is constituted of a single polypeptide with an apparent M , of 66,800 (Rea et al., 1992a) , and the corresponding immunoreactive polypeptide found after expression of AVP in Saccharomyces has an identical M, (Kim et al., 1994) . If posttranslational modification were operative, it would have to be by identical mechanisms in both yeast and plants and, in the former case, would necessitate sequence-specific modification of a protein that is otherwise not found endogenously. It is therefore suggested that, in common with a number of other hydrophobic membrane proteins, the substrate-binding subunit of the V-PPase migrates anomalously on SDS gels. The binding of nonsaturating amounts of SDS by membrane proteins is a common phenomenon and is frequently accompanied by shifts in M , as a result of irregularities in the shape of the SDS-protein complex, exposure of charged amino acid residues, or both (Branden and Tooze, 1991) .
Second, one of the motifs previously proposed to participate in substrate (Mg2+ and/or PPi) binding is not conserved between the two isoforms from Beta and the corresponding polypeptide from Arabidopsis. X-ray crystallographic and sitedirected mutagenesis studies of the soluble PPase from S. cerevisiae have disclosed 17 residues that are thought to participate directly in catalysis, and 11 to 16 of these residues (depending on alignment procedure) are conserved in all sequenced soluble PPases (Cooperman et al., 1992) . Therefore, it has been considered of potential functional significance that eight of the active-site residues of soluble PPases fall into two configurations, E(X)7KXE and D(X),DXK(X),D, beginning at positions 48 and 146, respectively, in the sequence of the enzyme from Saccharomyces and that variants of these motifs, D(X)7KXE and E(X),DXK(X),D, with an equivalent spacing and alternation of acidic (D and E) and basic (K) residues are found at positions 257 and 119, respectively, in the deduced sequence of the V-PPase from Arabidopsis (Rea et al., 1992b) . Notwithstanding the marked overall sequence divergence between the V-PPase and soluble PPases, it has been suggested that they may share convergent motifs related to the need for both classes of enzyme to interact with the same substrates, inhibitors, and activators (MgPPi, Mg,PPi, Ca2+, Mg2+) (Rea et al., 1992b) . The deduced sequences shown in Figure 2 , however, contradict this hypothesis, at least in its most restrictive sense. Although the D(X)7KXE motif at position 257 in the sequence of AVP is conserved in both BVPZ and BVP2, the E(X),DXK(X),D motif is not. AVP has the sequence EGFSTENEPCTYQ but the equivalent sequences of BVPZ and BVPZ are EGFSTSSQEC-TYE and EGTSTESQPCTYS, respectively (starting at alignment position 118 in Fig. 2 ). Of the four charged residues tentatively assigned a role in catalysis in this region of AVP (Ell9, DlZ4, KlZ6, and DI3l) only one (Ell9) is conserved between BVPZ and BVP2. Thus, it is extremely unlikely that these residues directly participate in the substrate hydrolytic cycle of the V-Prase. Any similarities between AVP and the sequences of soluble PPases, at least so far as the E(X),DXK(X),D motif is concemed, are, therefore, probably coincidental.
It is not known why isoforms of the V-PPase should be found in Beta. Northem analyses show that the two isoforms are expressed at similar levels, and a broader range of analyses of seeds that had been allowed to imbibe, whole 7-dold dark, and light-grown seedlings, leaves, roots, and storage roots of 7-month-old plants, as well as leaves and roots of 1-month-old plants, similarly failed to reveal consistent and significant differences between the steady-state levels of expression of BVPZ and BVP2. Therefore, it is apparent that higher resolution techniques, such as in situ hybridizations (Coen et al., 1990) or @-glucuronidase reporter analyses (Jefferson et al., 1987) , or exposure of the tissues concemed to a wider range of growth conditions are needed to determine whether multiple genes for the V-PPase provide isoforms with expression characteristics unique to specific cell types, developmental stages, and/or environmental factors or generate enzyme molecules with modified catalytic and/or regulatory characteristics suited to the particular H+-and/or K+-translocation requirements of the tissues, cells, or endomembranes in which the V-PPase is located.
